The intracellular ATP content of Lactobacillus casei ATCC 27o92 grown in a glucose-containing medium was almost constant (2 to 3/zg/mg dry wt. cells) through the early to middle stage of logarithmic phase, but it was lowered to less than o. I #g/mg after cessation of growth owing to the exhaustion of available glucose. All the cells in the early stage of stationary phase were still viable and thus considered to be in a starved state. When such starved cells were infected with PL-~ phages in a tris-maleate buffer of pH 6.0, the process of forming blender-resistant phagecell complexes signifying the complete injection of phage genomes into the cells was much inhibited. There was a good correlation between the ATP content of cells and the extent of the formation of blender-resistant phage-cell complexes and the correlation coefficient between them was 0"89 + o'o9 at the 95 % confidence limit. On the other hand, the process of forming both the phage-adsorbed cells and the anti-phage serum-resistant phage-cell complexes were not affected by the ATP content of cells. Feeding of glucose to such starved cell cultures caused the ceils to restore both the ATP content and the ability to form blender-resistant phage-ceil complexes. Such restoration was also observed when the starved cells collected by centrifugation were incubated in a glucose-containing medium.
INTRODUCTION
There is, in general, much less information on the infection mechanism of phages which possess a sheathless, long tail and belong to the B-group in the classification by Ackerman & Eisenstark (1974) than there is concerning those of the A-group such as the T-even phages of Escherichia coli, which possess a contractile tail sheath. We have been investigating the infection mechanism of PL-I phage (group B) which is infectious for Lactobacillus casei ATCC 27092. In previous work, we found that the process of forming blender-resistant phage-cell complexes corresponding to the complete injection of phage genomes into the cells was suppressed when the cells had previously been shaken in a starvation buffer described by Denhardt & Sinsheimer (i965) and suggested that the process would be an energy-requiring reaction (Watanabe & Takesue, I973) . According to Strange et al. (I963) , even in starved cells, there occur many ATP-requiring reactions such as degradation of K. WATANABE, S. TAKESUE AND K. ISHIBASHI endogenous high tool. wt. compounds, excretion of the degraded products and synthesis of various compounds through metabolic turnover. Energy is also consumed by starved cells for the regulation of cellular osmotic pressure and for the maintenance of the intracellular pH value. The ATP consumed for these purposes is always reproduced through the metabolism of the reserve materials. However, the rate of ATP reproduction is likely to fall as the reserve materials decline during prolonged starvation, since both the amounts of ATP and the ability of cells to synthesize ATP are considered to be important for the survival of cells. In this paper, to investigate the importance of active metabolism and the intracellular high energy compounds such as ATP for the infection of PL-I phages, we have determined the ATP content in the cells harvested at various growth phases in a culture with limited glucose and then compared the ability of those cells to form phage-adsorbed cells, anti-phage serumresistant phage-cell complexes and blender-resistant phage-cell complexes. We have found that only the process of formation of blender-resistant complexes, that is, the process of the phage genome injection, requires the high ATP levels in the host cells and that there is a good correlation between the intracellular ATP contents and the ability of cells to form blender-resistant phage-cell complexes.
METHODS

Bacterium and bacteriophage. Lactobacillus casei ATCC 27o92 and its bacteriophage PL-I
were used. The cells were grown in MR medium, which contained in I 1 of deionized water, I o g polypeptone (pancreatic digest of casein corresponding to the XVI-USP reagent; Daigo-Eiyo Kagaku Co.), lo g sodium acetate, 3 g yeast extract, 3 g beef extract, I g NaC1, 1.5 g CaC!~. 2H~0, 2o0 mg MgSO4.7H~O, I o mg MnSO4. H20, Img FeSO4.7H20 and I o g glucose. The pH of the medium was adjusted to 6-o with acetic acid before autoclaving. The concentration of cells was determined by absorbance measurement in a Hitachi EPO-B spectrophotometer at 66o nm or by colony counting. The methods for preparing purified phage stocks and for assaying the phage titres (p.f.u./ml) were as described in a previous paper (Watanabe & Takesue, 1973) .
Assay of phage-adsorbed cells, anti-phage serum-resistant phage-cell complexes and blenderresistant phage-cell complexes.
The cells harvested at different growth phases were suspended in 50 mM-tris-maleate buffer, pH 6-0, containing Io mM-CaC12 to a concentration of 3 to 5 × Io9/ml and mixed with phages at an input multiplicity of less than o.I. After 2 min incubation at 37 °C, o-I ml of the mixture was diluted into 9"9 ml of the same buffer to stop adsorption and the diluted mixtures were incubated further to allow the irreversible adsorption of phages to cells. At the indicated times, samples were assayed as follows. (I) Phage-adsorbed cells: I ml of the incubation mixture was diluted tenfold with a chilled diluent fluid (I % peptone containing Io mM-CaC12) and centrifuged at 80o0 rev/min for 5 min to separate unadsorbed phages in the supernatant. The sediments were then resuspended adequately in Io ml of the diluent fluid. One-tenth ml of the suspension was taken and, after appropriate dilution, a portion of the suspension was plated with indicator cells for assaying the phage-infective centres (p.f.u./ml) from the numbers of plaques. The phageinfective centre thus obtained was designated as phage-adsorbed cells and the value was expressed as percentage of the input phages. (2) Blender-resistant phage-cell complexes: the method of Hershey & Chase 0952) was used. The rest, 9"9 ml, of the above-mentioned suspension containing phage-adsorbed-cells was taken and blended in the cold for 2"5 min at maximum speed in a Nihon-Seiki blender to shear off the phage protein coats attached to the cell surface. Then, a portion of the suspension was plated for assaying the phageinfective centres, indicating the numbers of cells into which a phage genome had already been injected. The phage-infective centre surviving after blending was designated as blenderresistant phage-cell complexes (BRC) and the value was expressed as percentage of the phage-adsorbed cells. By this blender treatment, free phage particles were inactivated, but the colony-forming ability of phage-uninfected cells was not affected. (3) Anti-phage serumresistant phage-cell complexes: one-tenth ml of the incubation mixture was mixed with 0"9 ml ofanti-PL-I phage serum (K = I) and incubated at 37 °C to neutralize the anti-phage serum-sensitive phage-infective centres within 5 rain. Then, after appropriate dilution, a portion of the mixture was plated for assaying the phage-infective centres. The phageinfective centre surviving after the antiserum treatment was designated as anti-phage serumresistant phage-cell complexes (ARC) and the value was expressed as percentage of the phage-adsorbed cells.
Extraction of cellular ATP. Two ml of cell suspension in 20 mM-tris-HC1 buffer of pH 7"7 were heated for 5 min in a boiling water bath. After chilling in an ice bath, the cell suspension was centrifuged at 80o0 rev/min for 5 min, and the clear supernatant was used for ATP assay. ATP was also extracted with HC104 by the method of Strehler & Trotter 0954). Although this procedure gave nearly comparable results, it was more troublesome than that with hot water.
Assay of ATP. ATP was assayed with the firefly-luminescence technique of Strehler & Trotter (i 954) . Firefly-tail extracts were prepared by dissolving Sigma FLE-5o, which contains 50 mg luciferin-luciferase mixture, 5o mM-sodium arsenate and 2o mM-magnesium sulphate in a vial, with ~ 5 ml of zo mM-tris-HC1 buffer of pH 7"7-The extracts were chilled in a refrigerator overnight, since freshly prepared extracts gave non-specific luminescence which decayed at an unpredictable rate over the course of the experiment, but which reached a steady background value after overnight storage. To 0"5 ml of firefly-tail extracts was added an equal vol. of sample solution containing o'oI to o-oooI #g ATP and the intensity of instantly generated light emission was measured for I min, starting I5 s after mixing, using a JRB model-zooo (Integrating type) ATP photometer. The intensity was expressed as counts per minute (ct/min). Freshly prepared ATP standards (Sigma FF-ATP) of known concentration and the blank without ATP were always included in the assay as controls. The ATP concentrations in the above indicated range and the value of ct/min measured were linearly related. The intracellular ATP content was expressed as #g per mg of bacterial dry wt., which were determined by heating the cells at Io5 °C.
Assay of glucose. Glucose was determined colorimetrically on the culture filtrate with the Nelson's reagent of Somogyi (I95Z) .
RESULTS
Change in the number of viable cells and the intracellular ATP content during growth
in a limiting-glucose medium An overnight culture of Lactobacillus casei was inoculated into MR medium containing 0"3 % glucose (I ml into Io ml) and incubated at 37 °C. Samples were taken periodically for determining the absorbance and pH values of culture, the concentration of glucose, the number of viable cells and the intracellular ATP content. As Fig. I shows, the level of intracellular ATP was maintained almost constant, z to 3 #g/mg, through the early to middle stage of logarithmic growth phase. At the later stage of logarithmic growth phase, however, when the concentration of glucose had decreased from the initial 0"3 to o'o2~o, the ATP content began to fall and, when the cell growth ceased owing to the exhaustion of carbon source, it fell to less than o.I #g/mg. Therefore, a high intracellular ATP content seems to be associated with growth, and presumably is necessary for cell growth. During approx, the first 8 h after the entering of cell growth into the stationary phase, the absorbance value remained constant, and all the ceils were viable and capable of forming colonies on plating. Thus, the so-called starved cells, in which the ATP content was greatly decreased without loss in viability, were obtained by only incubating the cells for a long time in such a limitingglucose medium. At the end of 8 h incubation, however, the numbers of viable cells began to decrease without any accompanied decrease in the absorbance value and, in I o h incubation, over 99 % of the cells lost their ability to form colonies on plating. In this case, however, the loss in the cell viability was not accompanied by further decrease in appreciable amounts of ATP. The pH value of culture fell gradually as the cells grew and finally stabilized at 5"0 for the tested 24 h.
Comparison of the rate of the formation of blender-resistant phage-cell complexes with cells in different growth phases
In order to examine the effect of intracellular ATP on the ability of cells to allow the injection of phage genomes, the rate of forming BRC of cells with lowered ATP contents was compared with that of control cells with higher ATP contents. case, immediately after dilution of the phage-cell mixture at 2 min as shown in the Methods, when more than 80 % of the input phages were adsorbed to cells in every case, the injection of phage genomes into the cells was not yet completed and the yield of BRC was low. The yield of BRC increased with the time of incubation. This shows that even with actively growing cells a certain time is required for the formation of BRC in this phage-cell system. In the case of the 3 h cells, which were harvested in the middle stage of logarithmic growth phase and whose intracellular ATP content was 2"33/zg/mg in this case, about 75 % of the phageadsorbed cells were recovered as BRC after 2o min incubation under the conditions used here. When MR medium was used as a reaction medium for BRC formation instead of trismaleate buffer, almost the same time course was obtained. Prolonged incubation of cells in the limiting-glucose medium resulted in a gradual decrease in the intracellular ATP content, being 0.32 #g/mg in 5 h, 0-088/,g/mg in 7 h and 0.072/*g/mg in 9 h cells, respectively. When these cells were used as the host cells, the yield of BRC after 2o rain incubation was 53, 34 and 16 %, respectively. On the other hand, as shown in Fig. 2(b) , the ability of cells to form ARC was not affected by the growth age of cells. The formation of ARC with the cells in lowered ATP contents (9 h cells) occurred to the same extent as those with the higher ones (3 h cells). These results indicate that, in the whole process of PL-I phage infection, only the process of phage genome injection into the cells is sensitive to the decrease in the ATP content of cells.
Effect of the addition of glucose to the cell culture with lower intracellular ATP content
To the starved cell cultures in o'3 % glucose-containing medium, in which the ATP content of cells had decreased remarkably, glucose of a final o'3 % was replenished and the incubation was continued to see whether the resulting cells would restore their activities. As Table I (Expt. A) shows, in I h incubation after the addition of glucose, while the absorbance Fig. 2 were replenished with 0"3 ~ glucose at o h (A). The same (9 h) starved cell cultures were centrifuged and the sediments were resuspended in 0"3 ~' /o glucose-containing medium to a cell concentration of absorbance = 0"2 at o h (B). They were incubated at 37 °C and at intervals the absorbance of the culture, the intracellular ATP content and the ability of cells to form BRC on phage infection were determined.
"~ The values in the parentheses were those of cells before centrifuging.
value of cultures was not yet increased, both the intracellular ATP content and the ability of cells to form BRC was restored to the normal levels with growing cells. In 2 or 3 h incubation after the addition of glucose, the absorbance value increased due to the multiplication of cells. However, the level of ATP in the resulting cells did not increase in parallel with increase in absorbancc and gave almost the same level as that of I h incubation cells. Next the cells, aged for 9 h as above, were collected by centrifugation, resuspended in the same vol. of o'3 % glucose-containing medium and incubated further in order to examine their intracellular ATP content and the ability of ceils to form BRC. As Table I (Expt. ] 3) shows, in I h incubation, the absorbance value of the culture was not increased, but the intracellular ATP content rose from o'o38 to 2.~6/zg/mg, the value obtained for growing cells. At the same time, the ability of cells to form BRC was restored to the original level. On further incubation, although the absorbance value was increased with time, again the cell activities were not enhanced so much. Both the results show that the state of cells with lowered ATP content is a reversible one, which can be restored easily to the original state by the addition of energy source such as glucose and support the concept that the process of the injection of PL-~ phage genomes into the host cells is one requiring ATP.
Effect of simple addition of ATP on the process of the formation of BRC
In one of the preliminary experiments to elucidate the role of ATP, o.oI to Ioo/zg/ml ATP, or the ATPs plus o'25 % glucose, were added to the reaction mixture for the formation of BRC (the ioo-fold diluted phage-cell mixture in Methods) with cells aged for 9 h as above. This attempt to cause the cells to form BRC as do the cells with higher ATP contents was unsuccessful. Therefore, the exogenous soluble ATP was not thought to be utilized directly as the energy source for the injection of phage genomes into the host cells. 
DISCUSSION
The cells ofLactobacillus casei grown in 0"3 % glucose-containing medium had the intracellular ATP content of 2 to 3 #g/rag during the early logarithmic phase. This value was almost the same as that in the growing cells of Aerobacter aerogenes described by Strange et aL 0963). When the available glucose was consumed and the concentration was decreased to 0.02 %, the cell growth stopped and transferred to the stationary phase, after which both the glucose concentration and the absorbance value of culture did not change during the next 20 h. The intracellular ATP content began to fall at the later stage of logarithmic phase and was lowered to tess than o-I #g/nag at the beginning of stationary phase. For a certain time after entering of the cell growth into the stationary phase, there was no apparent loss in the viability of cells, although prolonged incubation of the cell culture resulted in a gradual decrease in the colony-formers. The cells with lowered ATP content but without loss in viability are in general called starved cells. The ability of such starved cells to form BRC on PLq phage infection was much lower than that of growing cells. When the cell culture in a starved state was fed with glucose, the intracellular ATP level was recovered to the normal level and, at the same time, the ability of cells to form BRC rose rapidly to the normal value in growing cells. On the other hand, the ability of such starved cells both to adsorb free phage particles and to form ARC on phage infection was not lost. The extent of the formation of ARC was essentially independent of the intracellular ATP content. These results indicate that only the process of phage genome injection occurring after phage adsorption to cells is an energy-requiring reaction depending on the intracellular ATP content. Fig. 3 shows the relationship between the intracellular ATP content in logarithmic scale and the extent of the formation of BRC. The correlation coefficient between them was calculated to be o-89 + o'o9 at the 95 ~o confidence limit, confirming a good relationship between them. It is well known that, among the energy-requiring bacterial functions, some functions use ATP or other high-energy phosphorylated compounds directly, while the others such as active transport of some sugars and amino acids (Kaback, i972) and energydependent transhydrogenase (Cox & Gibson, I974) are energized by a so-called high energy state of the membrane, which is in turn generated either by electron transport or from ATP by means of the (Mg 2+, Ca2+)-dependent ATPase (Kleine & Boyer, I972). Little is known concerning the relation between the energy level of cells and the extent of infection, especially the stage of phage genome injection into cells. Until now the infection mechanism of phages has been investigated most widely for the T-even phages of Escherichia coli, which possess a contractile tail sheath and belong to the A group in the classification of Ackerman & Eisenstark (1974) . According to other workers (Kozloff et al., 1957; Kozloff & Lute, 1959 , Hayes, 1963 Tanami, 1963; Simon & Anderson, 1967) these phages have been found to contain ATP, dATP and phosphatase as well as a contracting myosin-like protein in the tail sheath and, on the phage infection, after the tail tip interacted specifically with the receptor site of cells, the tail sheath becomes contracted and thickened thus causing the tail needle to penetrate through the cell wall. Then, after being released from the head capsid moiety, the phage genome is injected through the hollow core into the cytoplasm, while the protein coat is left outside. Zarybnicky (I969) has, however, proposed a physical model for the injection mechanism of T-even phage genomes, in which an internal pressure caused by the thermal agitation of the large molecules inside the head causes the genome thread to inject into the cytoplasm. According to this hypothesis, the phage genomes should be released from the head after uncorking reactions independent of the host cells and the calculated injection time is short enough to satisfy the phage injection process. Ore & Pollard (I956) have explained the process of the DNA injection of coliphages TI, T2 and T5 by linear Brownian movement of the DNA itself and by oscillatory thermal movement of the part of the DNA that has already entered the host cells.
On the other hand, since the B group phages do not possess a contractile tail sheath (whilst those of the A group do), their mechanisms of DNA injection are supposed to be a little different. Lovett & Shockman (197o) observed that the process of irreversible adsorption of N1 phage (group B) to cells of Micrococcus lysodeikticus was temperature-dependent. They suggested, however, that the process would not require cellular energy, since it was not inhibited by the presence of IO mM-potassium cyanide. In the case of PL-~ phage (group B), since the formation of BRC had been inhibited at lower temperature or by the addition of Io mM-sodium arsenate, we suggested that the process of the phage genome injection into the host cells is an energy-requiring one (Watanabe & Takesue, I973) . This supposition has now been supported by using the cells with lowered intracellular ATP content. Jetten & Jetten (I 975) investigated the initial stage of colicin action with the ATPase-deficient mutant of Escherichia coli and found that the stage is one of the energy-requiring reactions. Furthermore, they showed that ATP or other high-energy phosphorylated compounds were not a direct prerequisite for the initiation of colicin action and that 'an energized membrane state' was used for the mechanism. Hancock & Braun (I976) studied the nature of irreversible adsorption of phages TI and ¢80 to Escherichia coli by using various specific inhibitors and the mutants which lack either the ATPase or the ability to produce cytochromes in the absence of added 5-aminolaevulinic acid. They found that the irreversible adsorption could be energized both through the electron transport chain and from ATP via the ATPase and indicated the involvement of the energized membrane state. However, in the case of our PL-I phage, the formation of BRC is considered to be a different matter from the irreversible adsorption in T1 and ~b8o phages as well as in NI phage. It is not yet clear whether ATP is used directly as the sole source of energy for the injection of phage genomes or used indirectly, that is, probably via the energized membrane state. The fact that the process of the formation of BRC with the starved cells was not accelerated by the addition of the exogenous soluble ATP to the reaction mixture indicates that the ATP itself may not be used directly as the energy source. In order to elucidate further the involvement of the cellular energy in the injection of phage genomes, an ATPase-deficient mutant of the host cells would be a useful tool. Another characteristic of PL-I phage infection is that, even with actively growing cells, a certain time is required for the injection of phage genomes, for instance, 20 min for about 75 % of the adsorbed phages to be recovered as BRC. This slowness is perhaps attributable to complexity of this phenomenon. In the case of T5 phage (B-group) active against Escherichia coli, for full injection of DNA there must first be injection of first-step-transfer DNA, then expression of early genes, coded on first-step-transfer DNA, and only then injection of the remainder of the DNA (Lanni et al. 1964; McCorquodale & Lanni, 1964; Lanni, 1965 Lanni, , 1969 Lanni & Lanni, 1966; Lanni et al. I966; McCorquodale & Buchanan, 1968) . For the present, however, it is not certain whether this mechanism is true also for PL-I, although even in the case of T5 a lot of ATP might be required along the way. In connection with this, it may be worth noting that chloramphenicol was a weak inhibitor of BRC formation (Watanabe & Takesue, 1973) although it should have no immediate effect on ATP-mediated reaction at the membrane. At any rate these results suggest the possibility that the process of forming BRC, signifying the completion of phage genome injection into the host cells, may be a complex affair and that the role of ATP is an indirect one.
